ABSTRACT The uptake of sugars by yeast can be separated into two classes. The first involves the uptake of sorbose or galactose by starved cells, and the uptake of glucose by iodoacetate-poisoned cells. These uptakes do not involve any changes in Ni + + -or Co++-binding by the cell surface, are not inhibited by Ni++, are inhibited by UO ++ in relatively high concentrations, are characterized by high Michaelis constants and low maximal rates and by a final equilibrium distribution of the sugars. The second involves the uptake of glucose in unpoisoned cells and galactose in induced cells. These uptakes are characterized by a reduction of Ni + + -and Co++-binding, by a partial inhibition by Ni++, by an inhibition with UO2 ++ in relatively low concentrations, and by a low Km and a high 'm. In the case of galactose in induced cells, previous studies demonstrate that the sugar is accumulated against a concentration gradient. It is suggested that the first class of uptakes involves a "facilitated diffusion" via a relatively non-specific carrier system, but the second represents an "uphill" transport involving the highly specific carriers, and phosphoryl groups (cation-binding sites) of the outer surface of the cell membrane.
From studies of kinetic properties and specificity patterns, it has been concluded that sugar uptake in yeast as in other cells, involves a relatively specific combination of the sugar with a limited number of membrane sites or "carriers" (1, 2) . The carrier pattern, however, can apply to two kinds of sugar transport. In one, the driving force for sugar movement is the concentration gradient of sugar across the membrane in which the net movement of sugar ceases when equilibrium distribution is attained. A prototype system is the equilibration of sugars across the red cell membrane, often called "facilitated diffusion" (3) . In the other, the metabolism of the cell provides the energy to drive the sugar in the "uphill" direction, resulting in non-equilibrium distributions and large accumulation ratios. The term "active transport" is usually applied in this case. A prototype is the "permease" system for galactosides in E. coli (4) .
In yeast exposed to fermentable sugars such as glucose and fructose, despite high rates of uptake, little or no sugar can normally be detected within the
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The Journal of General Physiology THE JOURNAL OF GENERAL PHYSIOLOGY · VOLUME 49 · I965 cell (5) . It is evident, therefore, that the limiting factor in metabolism is the transport through the membrane and that the glycolytic system can remove the sugars as fast as they enter. Although the kinetics of influx can be readily determined in this situation, the nature of the transport system with respect to the driving force cannot. An equilibrating system with the concentration gradient in the inward direction maintained by continuous metabolic removal of the sugar, or an active transport system coupled to metabolism might be operative. The former mechanism has been proposed because many of the kinetic phenomena described for equilibrating systems (3) can be demonstrated in yeast with either non-metabolizable sugars such as sorbose (1, 6) or galactose (in unadapted cells, 7) or with glucose in cells poisoned with iodoacetate to prevent glycolysis (6) . On the other hand, such experiments do not exclude the possibility that an active transport system for fermentable hexoses is also functional in yeast, which because it is metabolism-dependent, would be inhibited by iodacetate. As already pointed out, such uphill sugartransporting systems (permeases) have been demonstrated by bacteria (4) , and several such systems have been reported in yeast for xylose (8) , galactose (9) , and glucosides (10, 11) . The recent study (10, 11) of the transport of nonmetabolizable a-glucosides into yeast is particularly germane to the question of equilibrating versus active transport systems in yeast. In uninduced cells facilitated diffusion can account for the transfer of the substrates. After induction, however, a typical active transport system is observed. The affinity of the carrier at the outer surface of the cell is increased (the Michaelis constant is reduced), while that at the inner surface is not, resulting in a high accumulation ratio. Because both the facilitated diffusion and the active transport are under the control of a single gene and for several other reasons, it was suggested that on induction, the facilitated diffusion system is converted into an active transport system by coupling it to a metabolic pathway.
Another kind of information that has some bearing on the nature of the sugar transport system in yeast relates to the effects of heavy metal cations. Uranyl ion binds to specific sites on the outer surface of the cell and blocks the transfer of sugars into the cell (5). The addition of glucose does not displace any uranyl (12) . In contrast, nickelous ion although it binds to the same sites as uranyl, only blocks sugar uptake to the maximum extent of 75 per cent and in the presence of glucose the binding of Ni + + is decreased by 80 per cent.
Glucose does not form a complex with Ni++ so the decreased binding is presumably due to a disappearance of the binding groups from the outer surface of the cell in connection with the sugar transport. Because the binding sites have been identified by several techniques as phosphoryl groups, it has been proposed that they are involved in some linkage between the sugar transport system and the glycolytic pathways of metabolism of the cell (12) . Such a linkage would seem unnecessary if the sugar transport were an equilibrating system driven only by the concentration gradient. On the other hand, some turnover of phosphate groups in the membrane would seem to be a reasonable part of an active transport system. In the present study the question of facilitated diffusion versus active transport of hexoses in yeast has been reexamined in relation to the cation-binding sites of the membrane. The kinetics of sugar uptake was compared in normal cells and in iodoacetate-poisoned cells using glucose, sorbose, and galactose (in uninduced and induced cells), with measurements of the binding and inhibitory effects of the heavy metal cations, UO2 + + , Ni++, and Co + + .
METHODS
A yeast strain isolated from commercial bakers' yeast (Fleishmann) was grown on the liquid medium described previously (13) . The cultured yeast was washed three times in about 30 volumes of distilled water. Subsequently, the yeast was starved aerobically overnight in distilled water and washed again twice. Preliminary experiments indicated that iodoacetate (IAA) caused a breakdown of stored carbohydrates similar to that reported for dinitrophenol (14) , with the liberation of free glucose both within the cell and in the medium. This phenomenon was minimized by overnight starvation. A prolonged starvation also reduces considerably the troublesome phenomenon sometimes observed in experiments on sugar uptake, described by Cirillo as "initial absorption" (1) .
Adaptation to galactose was brought about by incubating a small amount of yeast (about 2 mg) at 30 0 C in 50 ml of normal culture medium, in which the glucose was replaced by galactose. After 48 hours this suspension was added to 1 liter of the same fresh culture medium and grown for another 24 hours aerobically at 27C. The yeast was then washed and starved as described before. All experiments were conducted in an unbuffered medium, at pH 3.5 (adjusted with dilute HCI) at 24 0 C. The binding of Co + + and Ni + + ions to the yeast was determined by measuring the disappearance of the ions from the medium. Cobalt was determined chemically according to Wise and Brandt (15) . Nickel was labeled with Ni 6a and determined by measuring the radioactivity in a liquid scintillation counter, utilizing the liquid scintillator described by Bray (16) .
Uptake of glucose by non-poisoned cells, and of galactose by induced, non-poisoned cells was measured by disappearance of sugar from the medium after separation of the cells by centrifugation. Uptake of sorbose and galactose in non-induced or IAApoisoned cells, and glucose in IAA-poisoned cells, was measured according to the procedure described by Cirillo (1) .
The analytical methods utilized for sugar determination were: glucose, glucose oxidase method as modified by Washko and Rice (17) ; galactose, method of Nelson (18) ; sorbose, method of Dische and Devi (19) ; total amount of hexose plus hexose phosphate in cell extracts, anthrone method (20) .
A. Binding of Cations during Sugar Uptake
The starved yeast cells as used in the present study will bind Ni++ and Co++ to the maximum extent of 5 X 10-16 mols per cell, or about 5 meq/kg wet weight. On addition of glucose, the binding is immediately diminished by 70 per cent until after the glucose is all absorbed, at which time the binding returns to the initial value. This effect has been described in detail in a previous paper (12) . In contrast, the influx of sorbose is not associated with any reduction in the binding of Co++ or Ni++ ( however, behave as they do with glucose with a 70 per cent reduction in metal binding.
In the presence of 1 mM iodoacetate, with no sugar added, the metal-binding sites are diminished by about 25 per cent (Fig. 2) . On addition of sorbose, or of galactose in uninduced cells, no changes from the control were observed, but on the addition of glucose or of galactose to induced cells, the metalbinding sites virtually disappeared.
B. Effect of Cations on the Rate of Sugar Influx
Ni++ inhibits the influx of glucose to a maximum extent of 75 per cent, as reported previously (11) . If, however, the cells are first poisoned with iodoacetate, the influx of glucose is no longer inhibited in concentrations sufficient to saturate the binding sites (1 X 10 -4 M and 30 mg of yeast wet weight per ml of suspension). The uptake of sorbose, on the other hand, is not inhibited by Ni++ either in the presence or absence of iodoacetate. The behavior of galac-tose in uninduced cells is like that of sorbose, with no inhibition of uptake by Ni + + . In induced cells, it is like that of glucose. The uptake can be inhibited by Ni ++ to the extent of 70 per cent, but after addition of iodoacetate, Ni + + has little or no inhibitory effect (Table I) .
Uranyl ion has been reported to inhibit both the influx of glucose (5) and of sorbose (1) . A detailed analysis of the inhibitory effect, however, revealed differences in the inhibition curves with glucose influx being distinctly more sensitive (Fig. 3) . On addition of iodoacetate, however, the inhibition curve for glucose shifted to the right and was almost the same as that for sorbose. Iodoacetate had no significant effect on the inhibition curve for sorbose.
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C. Kinetics of Sugar Uptake
An experiment was carried out to compare the kinetics of influx of glucose in the presence and absence of 1 mM iodoacetate. In the presence of the inhibitor, a small rapid uptake was observed, complete in 1 minute or less and amounting to 5 mmoles/kg of cells regardless of the initial glucose concentration. Over 90 per cent of this rapid component could be recovered from the cell in an altered form of sugar, reactive with anthrone reagent, but not reactive with glucose oxidase. Apparently a small residual capacity for glucose phosphorylation is present in iodoacetate-poisoned cells. At low glucose concentrations, virtually all of the glucose taken up is accounted for by the rapid component. At higher concentrations, free glucose is also found in the cell eventually at concentrations in the cell water equal to that in the medium, as reported previously (6). In Fig. 4 a the reciprocal of the rate of influx of glucose in iodoacetate-poisoned cells (based on the rate of appearance of free glucose in the cell) is plotted against the reciprocal of the glucose concentration. The straight line indicates that the data can be fitted by the VlichaelisMenten equation for enzyme kinetics. Data for glucose uptake in unpoisoned
cells also give a straight line (Fig. 4 b) . The constants for unpoisoned cells are 6 X 10-3 M for Km (Michaelis constant) and 2 mmoles/gm wet weight/ hour for Vm (the maximal rate). In poisoned cells the Km is considerably higher, 7.5 X 10-2 M, and the Vm considerably lower, 0.05 nmole/gm wet weight/hour. 
UOz+CONCENTRATION IN mM
The influx of sorbose is also reported to follow carrier kinetics, and to be competitively inhibited by glucose. The Michaelis constant for sorbose transport is about 0.3 M and the affinity of the carrier for glucose from the inhibition curve is reported as 1.1 X 10 -2 M. In contrast to glucose, the sorbose kinetics are not altered by 1 mM iodoacetate (1, 6) . The influx of galactose in uninduced cells has also been reported to follow typical carrier kinetics. As in the case of sorbose, iodoacetate at a concentraa z 0 m z tion of 1 mM had no effect although at 5 mM it inhibited partially (9) . Either in the presence or absence of iodoacetate, glucose inhibited the influx of galactose in a competitive manner, with the affinity ratio of the two sugars (glucose/galactose) of the order of 100 to 1.
Marked changes in kinetic parameters are observed during adaptation to galactose. For example in uninduced cells, addition of equimolar galactose gives no measurable inhibition of sorbose influx (for the sugars at 0.25 M). After induction the kinetics of sorbose uptake are not altered but the addition of equimolar galactose now inhibits the rate of sorbose influx by 90 per cent. Thus, the induction process increases considerably the relative affinity of the carrier for galactose. Furthermore, the increased affinity is abolished by iodoacetate. A somewhat similar change has been reported for relative affinities of glucose and galactose, based on the competitive inhibition of galactose uptake by glucose. In uninduced cells the relative affinity of glucose/galactose is 100/1. In induced cells, however, the affinity is only about 1/1, representing a hundredfold change (9) .
DISCUSSION
The kinetics of uptake of sorbose (1, 6) , of galactose in uninduced cells (7), and of glucose in iodoacetate-poisoned cells (6) , indicate that the yeast cell possesses a transport system that behaves like the facilitated diffusion in red blood cells (3) . This kind of transport is characterized by "saturation" kinetics, competition of sugars, and other kinetic behavior such as counterflow and competitive acceleration. The net movements of sugar are not dependent on cellular metabolism and they cease when an equilibrium distribution of sugars is attained. It is suggested that in addition, the cell possesses other transport systems which are metabolically linked. Two such systems can be identified, one for galactose which is inducible and one for glucose which is constitutive.
Some of the differences between the facilitated diffusion and the metabolically linked transport can be summarized from Table II . The operation of the facilitated diffusion system is not inhibited by 1 mM iodoacetate (which does block glycolysis), is not inhibited by Ni ++ , and does not reduce the Ni + + binding by membrane ligands. The operation of the metabolically linked systems, in contrast, is inhibited by iodoacetate, is inhibited by Ni + + , and does markedly reduce the number of Ni++-binding sites. The metabolically linked systems have a higher affinity for glucose or galactose than does the facilitated diffusion system and a higher maximal rate of transport. The facilitated diffusion has an extremely broad specificity, including sorbose, glucose, and galactose as well as many other sugars (1), whereas, the metabolically linked systems have a greater degree of specificity. Neither the glucose nor the galactose system will accept sorbose, and the glucose system will not accept galactose. The glucose system is also used by fructose and mannose which are glucose competitors (2) .
The galactose system is of special interest not only because it is inducible but also because mutants have been found which are defective in the various stages of galactose metabolism. The mutants of greatest interest for the present discussion are the gl and g2 forms, which are defective in ability to produce the enzyme galactokinase and in the ability to produce the transport system (permease) (9, 21) . The yeast used in the present experiments is diploid and possesses both the genes G 1 and G 2 . Thus both the galactokinase and transport systems can be induced. Consequently, even though galactose is rapidly transported, it is used up in metabolic reactions and does not accumulate as free galactose. In the form giG 2 , however, the transport system can be induced but not the galactokinase. Before induction (as in the mutant glg2), galactose enters the cell slowly but it is not metabolized. It reaches an equilibrium distribution. After induction, the transport rate increases tenfold and free galactose accumulates in the cell to a 5/1 concentration ratio or higher. It is evident that on induction the transport system for galactose changes from a facilitated diffusion to an uphill or active transport system, with an increased affinity for the sugar and with a much higher rate of turnover.
In the case of cells induced to galactose, the appearance of the uphill (active) transport system can be equated with a number of changes in the charactistics of the transport system: (a) increased affinity for galactose, (b) increased maximal rate of transport, (c) sensitivity to Ni++, (d) decreased Ni++ binding, and (e) a sensitivity to iodoacetate. In the case of glucose, an uphill movement has not been proved by demonstration of an accumulation ratio higher than one, presumably because the sugar is metabolized as fast as it enters. All the other criteria, however, have been demonstrated by comparing iodoacetate-poisoned cells with unpoisoned cells (Table II) .
What is the relationship between the affinities, the specificities, and the interactions with Ni + + and iodoacetate? The Ni++-binding groups have been identified as phosphoryl groups in a chelate arrangement, probably polyphosphate in nature on the outer surface of the cell membrane (12, 22) . The disappearance of 70 per cent of these groups during glucose uptake and their reappearance immediately after the glucose disappears from the medium together with the fact that Ni ++ can only partially inhibit glucose uptake (70 per cent) regardless of the concentration added, suggests that these phosphoryl groups are directly involved in the transport of sugar. They may be part of a carrier system that circulates from one side of the membrane to the other, or they may chemically alter the carrier at the outer face of the mem-brane by a phosphorylation reaction. In either case, during uphill transport, about 70 per cent of them are no longer accessible to extracellular Ni++.
A diagram of a possible mechanism is given in Fig. 5 . It consists of a circulating carrier C which accounts for the facilitated diffusion (upper section) and a conversion of carrier to the CP form at one face and its dephosphorylation at the inner face to account for the active transport (lower section). The Ni++-binding sites are represented by P-P and the metabolic input is the reaction P-P--P. The CP form of the carrier has a higher affinity for glucose than C but this is not so for sorbose. The transfer of sugar in the form CPS must be faster than in the form CS. This scheme is like that proposed by Okada and Halvorson (10, 11) for the glucoside transport and that of Kepes (4) mon identity of the facilitated diffusion and active transport systems, whereas in the studies with hexoses, no such evidence is available. The primary action of iodoacetate seems to be an inhibition of glycolysis, thereby allowing free glucose to accumulate in the cell. But in addition, the metabolic support for transport is removed, so that the only possible transfer of sugar is via the facilitated diffusion system. In iodoacetate-poisoned cells, it was also observed that a small increment of sugar is rapidly phosphorylated (in the first minute of uptake). The amount of sugar involved is equal to approximately the amount of Ni++-binding groups. The system behaves as though a small capacity for rapid transport and phosphorylation exists, but that in the presence of iodoacetate it cannot be replenished.
Any phosphorylation reaction associated with the operation of the carrier is not directly related to the phosphorylation of glucose or galactose by hexokinase or galactokinase because it is quite clear that the kinase reaction and the transport step are not the same. For example, in the case of galactose, the transport step and the kinase are controlled by separate genes. Evidence has been presented, however, suggesting that the transport system, kinases, and other glycolytic enzymes are in some highly organized arrangement within the cell which allows rapid sequential reactions (23, 24) . It would be energetically efficient, for example, if CPS in Fig. 5 represented a carrier-ATP-sugar complex and that the ATP and sugar are delivered to a hexokinase molecule for phosphorylation.
The metal cations, although they compete for the same binding sites (12), do not have the same effects on sugar transport. Co++ has no inhibitory effect; Ni ++ inhibits the uphill transport but not the facilitated diffusion; and U02 + + inhibits both forms of transfer. With UO 2 + + , however, the inhibition of the uphill transport is considerably more sensitive (Fig. 3) . With 0.1 mM U02 + + , the inhibition of glucose uptake was virtually complete, and measurements of binding indicate that the polyphosphate binding sites are virtually saturated. The inhibition of sorbose influx or glucose influx in the presence of iodoacetate requires considerably higher concentrations of U0 2 ++ and therefore must represent an interaction of U0 2 ++ with some other ligand. A similar situation has been reported previously (25) . The inhibition curve of fermentation closely corresponds to the binding of U02 + + to polyphosphate sites, but only 70 per cent of the inhibition of respiration gave the same correspondence. The remaining 30 per cent of the respiration required considerably higher concentrations of U0 2 ++ and was associated with the binding of U0 2 ++ to carboxyl groups (25) . It seems evident, therefore, that U02 + + inhibits the uphill transport by binding to phosphoryl groups and the facilitated diffusion by binding to carboxyl groups, probably of the carrier itself (1). The relatively U02++-insensitive component of respiration probably represents the entry of glucose into the cell via the facilitated diffusion mechanism. This means of entry proceeds at a rate adequate to account for about 30 per cent of the respiratory rate.
